Compared with the conventional laser amplitude modulation with a lock-in amplifier, the optical polarization modulation in optoelectronic generation and detection of a free-space terahertz ͑THz͒ radiation provides up to twofold increase of the dynamic range. The total laser power for the optoelectronic generation of THz beams can be fully utilized.
In ultrafast optoelectronic community, different techniques of generation and detection of free-space THz pulses have been developed during the last several years. [1] [2] [3] [4] THz time-domain spectroscopy often uses photoconductive dipole antennas or electro-optic crystals to generate and detect THz pulses. In general, compared with the total optical excitation power used in the THz system, the THz signal is always very weak. One common way to improve system signal-to-noise ratio is to use an optical modulator and a lock-in amplifier. Nearly all the modulators are optical amplitude modulators, and they are either the optical mechanical choppers or an electro-optic modulator with a polarizer. As a result, the laser power has not been fully utilized. For example, with the intensity modulation of the laser pump beam with an even duty cycle, 50% of the total optical excitation power is blocked.
In this letter, we report the application of the polarization-modulation method in optoelectronic generation and detection of a THz beam. Compared with the conventional amplitude modulation with a lock-in amplifier, the use of optical polarization-modulation in optical rectification can provide up to twofold increase of the total THz radiation power. This is important for the portable THz beam system that the laser output is often limited. Figure 1 schematically illustrates the THz optoelectronic system with the polarization-modulation technique. The THz system is very similar to the standard optoelectronic THz system, except for the intensity modulator ͑for example, a chopper͒ being replaced by a polarization-modulator, which is actually an electro-optic modulator ͑Conoptics, model 350-50͒ with the output analyzer removed. We used electrooptic crystals ZnTe to generate THz beam ͑optical rectification͒ and to detect the THz beam ͑Pockels effect͒. The rectified generation and electro-optic detection can greatly improve the frequency bandwidth of the THz beam. [5] [6] [7] The laser ͑a Ti:sapphire oscillator and a regenerative amplifier͒ produces a 250 fs pulse duration at 800 nm, a repetition rate of 250 kHz, and an average power of 600 mW. The pump optical beam ͑500 mW͒ passing through an electro-optic modulator is focused onto a 2-mm-thick ͑110͒ ZnTe emitter to generate THz beam. The sensor crystal is also a ͑110͒ ZnTe.
The optical rectification is a second-order nonlinear process, the optically rectified THz generation from ZnTe crystal strongly depends on the crystal orientation. According to the dipole approximation, in the far field, the THz electromagnetic radiation field is proportional to the second time derivative of the optically induced dielectric polarization. If we define a laboratory coordinate system ͑x,y,z͒ with x opposite to the direction of optical propagation, y parallel to the optical table and z perpendicular to the optical table, for the normal incidence and the linearly polarized optical pump beam with polarization direction along y, the THz radiation from ͑110͒ ZnTe crystal can be expressed as
where is the angle between the y axis and the crystallographic ͗0,0,1͘ direction, d 14 is the nonvanishing secondorder nonlinear optical coefficient, and E is the amplitude of electric field of the pump beam. Figure 2 shows the plots of P y , P z , and abs ͑P͒ versus angle , which has been experimentally verified. 3, 8 It can be noticed that there are four extreme values of P y , and the four corresponding also give the maximum abs ͑P͒ or the total amplitude of the generated THz electric field. For the optimum orientation of ͑110͒ ZnTe sensor ͑namely, its ͗0,0,1͘ direction is parallel to z axis of the laboratory coordinate system, and both the polarization of THz beam and probe beam are parallel to its ͗1,Ϫ1,0͘ direction͒, the maximum detected THz signal can be a͒ where the pump polarization angle is defined as the angle between the polarization direction of pump optical beam and the y direction of the laboratory coordinate system. When the ZnTe emitter is rotated to have ϭ55°, the dependence of THz radiation on can be decided by simply letting ϭ55°in the above equations. The polarization of THz radiation is always linear and its polarization direction generally depends on as what we can see from the above equations. But the ͑110͒ ZnTe sensor at its optimum orientation for the EO sampling will only respond to the y component of THz radiation, which is parallel to the ͗1,Ϫ1,0͘ direction of the sensor. The reason is that the z component of THz radiation will not induce any phase retardation in the ͑110͒ ZnTe sensor. We can therefore experimentally verify the dependence of P y on . Figure 3 shows the plots of calculated P y ͑curve͒ and the measured THz signal ͑dot͒ versus the pump polarization angle . From the curve in Fig. 3 , we notice that the measured THz signal will change its sign when the polarization of pump optical beam rotate 90°from the y direction of the laboratory coordinate system. Once an electro-optic polarization modulator introduced in front of the ZnTe emitter is driven by a square wave ͑1.87 kHz͒, it can alternatively changes the polarization direction of the linearly polarized pump beam from ϭ0°to ϭ90°at the modulation frequency. The measured THz signal can thus increase 50% compared with the conventional ''on/off'' amplitude modulation done by a mechanic chopper. Figure 4 shows the temporal THz waveforms obtained by using a mechanical chopper and by the polarization modulation technique with the same modulation frequency ͑1.87 kHz͒, respectively. The THz signal measured by using the polarization modulation is enhanced 50%. The advantage of this technique is that we can fully utilize the total laser power, which cannot be realized with the use of a mechanical chopper. It can also be noticed that the measured peak THz signal will increase 100% for the ͑111͒ ZnTe emitter by the polarization modulation technique. For the ͑111͒ ZnTe emitter, the dependence of the THz radiation on and is decided by
It is therefore clear that the measured peak THz signal will change its sign and maintain its magnitude when its changes from 0°to 90°and the ϭ0°. But it is also important to point out that, under the polarization modulation, the measured peak THz signal from ͑111͒ ZnTe emitter will not exceed that from ͑110͒ ZnTe emitter even the ͑111͒ ZnTe emitter can offer 100% increase. The reason is that, under the amplitude modulation, the largest peak THz signals from ͑111͒ ZnTe emitter is only 70.7% of that from ͑110͒ ZnTe emitter. It can be theoretically verified by comparing Eq. ͑2͒ and Eq. ͑4͒. 
